T he exchange of gases in the lung requires ventilation, perfusion, and the diffusion of gases across the blood-gas barrier of the alveoli. Although pulmonary ventilation (1, 2) and perfusion (3, 4) can be examined by a variety of imaging techniques, currently no methods exist to image alveolar-capillary gas transfer. Yet certain pulmonary pathologies such as inflammation, fibrosis, and edema may initially have a predominant effect on the gas exchange process but not on ventilation or perfusion. The degree to which such ''diffusion block'' (5) is present or absent is difficult to determine (6) . In healthy alveoli, the harmonic mean thickness [as defined by Weibel (7) ] of the blood-gas barrier is 0.77 m and oxygen traverses this space in less than 1 ms, saturating the red blood cells (RBCs) in tens of milliseconds. However, in regions where the barrier is thickened, oxygen cannot diffuse across it fast enough to saturate the RBCs before they exit the gas exchange region [750 ms in humans (5) , 300 ms in rats (8) ]. A method to noninvasively and directly image alveolar-capillary gas transfer could be very useful to both diagnose and study interstitial lung diseases.
Three properties make 129 Xe uniquely suited for MRI of pulmonary gas exchange. First, xenon is soluble in the pulmonary tissue barrier and RBC compartments. Second, 129 Xe resonates at three distinct frequencies in the airspace, tissue barrier, and RBC compartments. Third, the 129 Xe magnetic resonance signals can be enhanced Ϸ10 5 times by hyperpolarization (9) making it possible to image this gas at resolutions approaching proton MRI. When 129 Xe is inhaled and enters the alveolar airspaces, a small fraction is absorbed by the moist epithelial surface. The atoms diffuse across the tissue barrier and their concentration in the RBCs in the capillaries equilibrates with that in the airspace. The atoms continue to exchange among all three compartments before those in the RBCs and plasma are carried away by circulation. 129 Xe in the alveolar epithelium, interstitium, capillary endothelium, and plasma resonates at a frequency 197 ppm (4.64 kHz at 2 T) from the gas reference frequency at 0 ppm (10) . Because these tissues lie between the airspace and RBCs, we refer to this compartment as the ''barrier'' resonance. As 129 Xe leaves the barrier and reaches the RBCs, its frequency shifts to 211 ppm from the gas frequency (11); we refer to this as the ''RBC'' resonance. Collectively, we refer to the 197-and 211-ppm signals as the ''dissolved phase,'' consistent with published literature (8, 12) . Fig. 1A shows schematically the airspace, pulmonary endothelium, interstitial space, capillary endothelium, plasma, and RBCs along with the associated 129 Xe resonance frequencies.
Ruppert et al. (12) first used dynamic spectroscopy to observe the replenishment of 129 Xe signal in the barrier and RBC compartments of the lung after magnetization therein was destroyed by a frequency-selective radio rf pulse (12) . Unlike conventional proton MRI, once the hyperpolarized (HP) noble gas atoms are depolarized, thermal repolarization by the static magnetic field is negligible and thus as probes, become silent. The dissolved phase signals are only replenished by fresh airspace 129 Xe magnetization diffusing back into these compartments; this occurs in Ϸ30-40 ms in a healthy lung. Such replenishment of dissolved magnetization is depicted in Fig. 1B . Mansson et al. (8) used this spectroscopic technique to show that the time constants for the barrier and RBC signal replenishment were significantly increased in rat lungs exposed to the inflammatory agent, lipopolysaccharide. Recently, Abdeen et al. (13) used similar methods to observe reduced gas transfer in lung inflammation induced by Stachybotrys chartarum instillation.
The aspect of 129 Xe gas exchange that should be most sensitive to blood-gas barrier health status, however, is the time it takes 129 Xe to reach the RBCs. To exhibit the RBC resonance, 129 Xe must first traverse the tissue barrier separating RBCs from the airspace, thus delaying the RBC signal appearance. The time constant for 129 Xe diffusion across the tissue barrier can be estimated as Ϸ ⌬L db 2 ͞2D, where ⌬L db is the barrier thickness, and D is the Xe diffusion coefficient. In a healthy subject with a tissue barrier thickness of Ϸ1 m, and D Ϸ 0.33 ϫ 10
Xe transit takes only 1.5 ms. This delay is short compared with MR imaging repetition rates (TR) of 5-10 ms and therefore is difficult to observe. However, because diffusing time scales as the square of the barrier size, a thickness increase to 5 m would delay the appearance of the RBC resonance by 40 ms, a time scale more easily probed.
A detailed 1D model of the 129 Xe replenishment dynamics with increasing blood-gas barrier thickness is available in Supporting Text, which is published as supporting information on the PNAS web site. Using this model, Fig. 1 C and D illustrate the replenishment of the barrier and RBC signals for slightly increased barrier thicknesses ranging from 1 to 7.5 m. These replenishment curves assume a capillary diameter of 8 m, a Xe diffusion coefficient of 0.33 ϫ 10 Ϫ5 cm 2 ⅐s Ϫ1 (14) , and a hematocrit fraction of 0.5. The delayed replenishment of the RBC resonance with a thickened tissue barrier is apparent in Fig. 1D . By contrast, the barrier replenishment depicted in Fig. 1C is not drastically affected, although the signal amplitude of the thicker barrier is larger due to increased tissue volume.
Because the predicted RBC replenishment delay is a spatially localized phenomenon in injured lungs, the effect has not been observed in the whole-lung 129 Xe dynamic spectroscopy studies performed to date (8, 13) . Adjacent regions of healthy lung would always contribute rapid RBC signal replenishment to the spectrum, thus obscuring RBC delay. RBC replenishment delay can only be observed by imaging the 129 Xe replenishment in tissue barrier and RBC at sufficient resolution to differentiate regions of barrier thickening from healthy lung.
Imaging 129 Xe in the dissolved phase in the lung is significantly more challenging than imaging 129 Xe in the airspaces. First, the lung tissue volume is only Ϸ10% that of the airspace volume (15) and further, the solubility of Xe in lung tissues is only Ϸ10% (16, 17) , leading to dissolved phase signals that are no more than 1% of the airspace signal. Second, once 129 Xe is dissolved in the lung tissue, the transverse relaxation time T* 2 is reduced from 20 ms to Ϸ2 ms, requiring the use of submillisecond echo times and higher bandwidth. Third, is the need to separately image 129 Xe in the three different frequency compartments to elucidate the exchange dynamics.
To date, only Swanson et al. (18) have directly imaged 129 Xe in the dissolved phase of the lung by using chemical-shift imaging. Their use of a 30°flip angle and a repetition time of 428 ms ensured that 129 Xe signal was grossly localized to the thorax but not specifically to the gas-exchange regions of the lung. An alternate imaging method that retains higher spatial resolution while indirectly probing the gas-exchange process is called xenon polarization transfer contrast (XTC). This method uses the attenuation of airspace 129 Xe signal after rf irradiation of the dissolved phase 129 Xe frequencies to indirectly map 129 Xe gas exchange between airspace and dissolved phase (19) . XTC has been shown to be sensitive to increases in tissue density resulting from atelectasis, for example (14) , but does not distinguish the 129 Xe signal originating from the barrier and RBC compartments.
In this paper, we present a method for efficient differential imaging of 129 Xe in the airspace, barrier and RBC compartments of the lung with 16-fold higher resolution than was previously attained (18) . Furthermore, by confining imaging to the gas-exchange regions of the lung and separating out barrier and RBC compartments, we gain specific sensitivity to pulmonary gas transfer. We validate the differential imaging of RBC and barrier compartments using a rat model of pulmonary fibrosis. We refer to this method as xenon alveolar capillary transfer imaging or XACT. 129 Xe Imaging. The dissolved 129 Xe was imaged by using radial encoding (20, 21) to overcome its short T* 2 . To differentiate 129 Xe in the barrier and RBC compartments, we use a variant of the Dixon technique originally developed to separate fat and water MR images (22) . Dixon imaging exploits the slight difference in the transverse-plane precession frequency of two resonances to image them at a predicted phase shift. We image dissolved-phase 129 Xe replenishment by using a frequency-selective pulse that excites both the 197-and 211-ppm resonances but not the gas-phase resonance at 0 ppm. Once in the transverse plane, the 211-ppm magnetization processes 330 Hz faster (at 2 T) than the 197-ppm resonance. We allow this phase evolution to occur just long enough for the 211-ppm spins to accumulate 90°of phase relative to the 197-ppm spins. Then the imaging gradients are turned on to encode the image. The scanner-receiver phase is set so that the 211-ppm resonance contributes to the in-phase image and the 197-ppm to the out-of-phase image (23) .
Method Overview
Experimental Protocol. Experiments were performed by using Fischer 344 rats weighing 170-200 g (Charles River Breeding Laboratories, Raleigh NC). Our imaging protocol consisted of a high-resolution, (0.31 ϫ 0.31-mm 2 ) ventilation image, a phasesensitive barrier͞RBC replenishment image (1.25 ϫ 1.25 mm 2 ), and dynamic 129 Xe spectroscopy. We used nine animals, seven with unilateral fibrosis induced by bleomycin instillation, one healthy control, and one sham instillation with saline. Animals were imaged 5-15 days after treatment, when a thickened tissue barrier was present in the treated animals. 129 Xe in the airspaces, tissue barrier, and RBC in a left lung sham-instilled rat (#2) and a rat with left-lung fibrosis (#5) imaged 11 days postbleomycin instillation. Most notable is the nearly complete absence of 129 Xe RBC replenishment in the injured left lung (Fig. 2F ), whereas barrier replenishment appears closely matched to the airspace image. The close match of barrier image area with airspace image area was noted in all studies. The mismatching of RBC image area with barrier area was a hallmark finding in all injured lungs. Absence of RBC replenishment is consistent with thickening of the tissue barrier to Ͼ5 m. Note also that the area of the left fibrotic lung is reduced on the airspace image ( Fig. 2D ), whereas the right lung exhibits increased area due to compensatory hyperinflation, a finding noted in all seven bleomycin-treated animals. Fig. 3 shows H&E-stained sections from a control left lung of rat #8 and the bleomycin-instilled left lung of rat #5 shown in Fig. 2 . Thickened alveolar septa are clearly visible in the treated compared with the control lung. Areas of septal thickening and increased collagen deposition were observed throughout the injured lung of this rat and were representative of injured lungs of all bleomycintreated rats. The histological findings and RBC͞barrier mismatch found in the images are summarized in Table 2 , which is published as supporting information on the PNAS web site.
Results

Fig. 2 shows images of
In Fig. 4 , we plot the barrier and RBC pixel counts against the airspace pixel counts for the right and left lungs of all animals. Barrier pixel counts closely matched the airspace pixel counts in both control and injured lungs with a slope of 0.88 Ϯ 0.02 (R 2 ϭ 0.93), represented by the regression line. The less-than-unity slope is a result of counting the extrapulmonary airways in the airspace image and the smaller average lung volume during dissolved phase imaging, which was performed over the entire breathing cycle, vs. airspace imaging, which was performed at held breath after full inspiration. The matching is consistent with the tissue-barrier compartment being immediately adjacent to the airspace compartment. By contrast, the RBC pixel counts in injured lungs correlated poorly with airspace counts (R 2 ϭ 0.14). RBC pixel counts in control lungs correlated well with the airspace counts (R 2 ϭ 0.83). Two animals with right lung injury (#7 and #9) showed no measurable RBC͞barrier mismatch. In these animals, it appears bleomycin instillation obstructed ventilation to the injured lung region, preventing 129 Xe from reaching it.
Representative data acquired by dynamic spectroscopy are illustrated in Fig. 5 , which compares spectra from a control rat and from a rat 5 days after right-lung injury. Although the shapes of the replenishment curves were indistinguishable between the healthy and treated rats, the ratio of saturation RBC signal to barrier signal was dramatically different. The control animal showed an RBC͞barrier ϭ 0.92 vs. the injured animal with RBC͞barrier ϭ 0.57. Thus, the RBC͞barrier ratio derived from spectroscopy performed on short replenishment timescales (0-200 ms) may be sensitive to alveolar-capillary gas transfer, although it lacks the spatial specificity of imaging.
A hallmark feature of the XACT technique is that regions showing barrier signal, but no RBC signal (RBC͞barrier mismatch), corresponded to regions of barrier thickening found on histology. Thus, RBC͞barrier ratios represent a simple and useful means of quantifying and comparing degrees of injury from the images. Table 1 summarizes the RBC͞barrier ratios derived from imaging and spectroscopy in all of the animals studied. The image-derived RBC͞barrier ratio in injured lungs of 0.59 Ϯ 0.24 was significantly reduced (P ϭ 0.002) compared to the 0.95 Ϯ 0.10 ratio pixel count in the airspace images in each lung. Pixel counts were separated by right and left lung to take into account reduced lung volume in injured lungs and to allow one lung to serve as a control. A strong correlation (R 2 ϭ 0.93) is seen between barrier and airspace pixel counts, as would be expected, because they are directly adjacent. The regression line is a fit to all of the barrier pixel counts in injured and uninjured lungs. In injured lungs, the RBC pixel count fell well below the regression line in five of seven lungs, whereas in control lungs, the RBC pixel count fell on the regression line.
in control lungs. The spectroscopy-derived RBC͞barrier ratio was 0.69 Ϯ 0.12 in treated animals was also significantly reduced from the RBC͞barrier ratio of 0.87 Ϯ 0.14 (P ϭ 0.02) determined from five healthy control rats (not shown). We postulate that there should be correspondence between the RBC͞barrier ratios derived from the images and spectra in a given animal, because spectra simply represent a collapse of the phase-sensitive image into its spectral components. Close correspondence was observed in seven of the nine rats studied with the exception of the two rats, previously discussed, whose ventilation was blocked in regions of injury (#7 and #9). In these animals, the whole lung image-derived RBC͞ barrier ratio appeared normal, whereas the spectroscopy-derived ratio was markedly reduced. This discrepancy is not fully understood but could be a result of spectroscopy being performed at full inspiration when capillary blood volume would be reduced in injured areas.
Discussion
An important assumption about our imaging method is that the barrier͞RBC images represent dissolved-phase 129 Xe and are not a product of airspace 129 Xe signal contamination. Three pieces of evidence bolster this case. First, the gas-phase signal is nearly 5 kHz away from the barrier͞RBC resonances where the scanner is tuned.
In radial imaging, such off-resonant artifacts manifest themselves as a halo around the primary image (20) , and no such halo is observed. Second, we note the absence of the major extrapulmonary airways from the dissolved-phase images. Their presence would indicate a signal from the gas. Their absence verifies that Xe gas is not significantly absorbed by these conducting airways (19) . Third, when lung tissue density, xenon solubility, and image acquisition parameters are taken into consideration, the dissolved-phase image resolution (1.25 ϫ 1.25 mm 2 ) and signal-to-noise ratio (6.8 Ϯ 2) achieved are exactly as expected given the achievable airspace image resolution (0.31 ϫ 0.31 mm 2 ) and SNR (9.1 Ϯ 2).
Another issue in interpreting the data is the degree to which the tissue barrier and RBC compartments have been completely separated in the images. The most compelling evidence for this separation is the clearly reduced 129 Xe RBC signal in the injured lungs compared with the presence of RBC signal in control and sham-treated animals, an observation entirely consistent with predictions of the diffusion model. Meanwhile, the area of barrier compartment images always closely matched the area of airspace images, as expected given that these compartments are directly adjacent in the alveoli. However, we cannot rule out some residual overlap of the RBC͞barrier signal in the images. The XACT method assumes that all phase differences are purely due to chemical shift differences from 129 Xe in barrier vs. RBC compartments. However, imperfect magnetic field homogeneity across the image would also cause phase shifts that could confound the method. For example, we do not observe significant RBC image intensity in the right accessory lobe of the uninjured lungs (see Fig.  2C ). 129 Xe in this lobe may experience a slight reduction in magnetic field due to its proximity to the heart. This would cause the phase of the RBC signal to be retarded toward the barrier signal and the phase of the barrier signal to be retarded such that it subtracts from the RBC signal. These undesired phase shifts could be corrected using a phase-sensitive image of the airspace to map the field distortions. Because the airspace image results from a single resonance, any observed phase fluctuations are attributable only to magnetic field inhomogeneity.
A third consideration is whether the reduced RBC signals could result from shortened 129 Xe relaxation times T 1 , T 2 , or T* 2 postinjury 129 Xe mobility and thus could reduce both T 1 and T 2 , which would diminish the signal in the barrier compartment, not the vascular RBC compartment, opposite from our observations. Thus, although increased relaxation in regions of injury should be considered, it cannot explain our results. Next, we should consider whether the RBC͞barrier mismatch observation could be partially caused by reduced capillary density or blood volume rather than increased diffusion barrier thickness. We cannot definitively exclude a contribution from capillary destruction based on our data. Stained sections do show areas of lung that are so severely injured as to be fully consolidated, lacking alveoli, airways, and capillaries, and thus would not contribute any 129 Xe signal. Other areas of injured lung clearly have intact alveoli with thickened alveolar septa and also have capillaries and RBCs (see Fig. 3 ). Although it is possible that a reduction of blood volume in the injured lung may contribute to the reduced RBC signal, the overriding factor appears to be the diffusional delay due to thickened alveolar septa.
A final issue is how the information derived from the XACT technique presented here compares to existing HP gas MRI methods that indirectly image gas exchange. For example, apparent diffusion coefficient (ADC) imaging (24, 25) of HP gases in the airspaces is inversely proportional to gas-exchanging surface to volume ratio, making it sensitive to alveolar microstructure breakdown in emphysema, for example. Recently, Ward et al. (26) observed a 25% reduction in ADC in a rat model of radiation fibrosis, presumably due to encroachment of the thickened tissue barrier on the alveolar airspace (26) . By contrast, micrometer-scale thickening of alveolar septa is enough to completely extinguish the RBC image intensity on XACT. Similarly, we expect XACT to be more sensitive than XTC imaging (14, 19) , which was developed to measure tissue thickness. Because the size of the XTC effect is proportional to total tissue volume, micrometer-scale thickening might increase the XTC effect by only tens of a percent. Thus, although both ADC and XTC imaging provide indirect measurements of gas exchange at higher resolution, XACT derives its sensitivity to micrometer-scale structural changes from the ability directly image and distinguish 129 Xe in RBC vs. tissue-barrier compartments.
Conclusions
We have described a method for imaging 129 Xe in the lung's airspace, dissolved in its tissue barrier and in its RBCs. By separately imaging 129 Xe in these three compartments, we are able to image alveolar-capillary gas transfer, the fundamental role of the lung. We have performed initial validation of the XACT technique by showing an absence of 129 Xe replenishment in RBCs in regions of injury, a result that is consistent with theoretical expectations based on delayed diffusion transfer of 129 Xe from the alveoli. A simple method of quantifying gas-transfer efficiency is proposed by using the ratio of RBC͞barrier pixel counts. With minor modifications, this technique could be translated to the clinical setting to image gas-exchange impairment in patients and to evaluate the efficacy of therapeutic regimens.
Experimental Procedures
Animal Preparation, Bleomycin Instillation. The animal protocol was approved by the Institutional Animal Care and Use Committee at Duke University Medical Center. Interstitial fibrosis was induced by unilateral instillation of bleomycin (27) . Rats were anesthetized with 46 mg͞kg methohexital (Brevital, Monarch Pharma, Bristol, TN) and perorally intubated with an 18G catheter (Sherwood Medical, Tullamore, Ireland) while positioned supine on a 45°slant board. A curved PE50 catheter was advanced through the endotracheal tube and manipulated to enter the chosen (left or right) pulmonary main bronchus. Then a solution of bleomycin (Mayne Pharma, Paramus, NJ) in saline (2.5 units͞kg) was slowly instilled over a period of 10 sec. For the smaller left lung, 0.07 ml at 6.8 units͞ml was instilled, whereas the right lung received 0.2 ml at 2.5 units͞ml bleomycin. Sham instillation was performed similarly by using an equivalent volume of saline.
129 Xe Polarization. 129 Xe was HP by using continuous flow and cryogenic extraction of 129 Xe (28) based on a prototype commercial polarizer (IGI.9600.Xe, Magnetic Imaging Technologies, Durham, NC). Enriched xenon (83% 129 Xe, Spectra Gases, Alpha, NJ) was used. A typical batch consisted of 500 ml of Xe gas polarized to 8-9% polarization in 45 min. HP 129 Xe was collected in a 1-liter Tedlar bag (Jensen Inert Products, Coral Springs, FL) inside a Plexiglas cylinder. A hose connected the cylinder to a constant-volume HP gas compatible ventilator (29) . For spectroscopy studies, Ϸ150 ml of enriched 129 Xe was polarized and diluted with 350 ml of N 2 .
Animal Preparation, Imaging. Animals were first anesthetized with i.p. injection of 56 mg͞kg ketamine (Ketaset, Wyeth, Madison, NJ) and 2.8 mg͞kg diazepam (Abbott Labs, Chicago, IL). During imaging, anesthesia was maintained with periodic injection of ketamine and diazepam at [1͞4] the initial dose. Rats were perorally intubated by using a 16-gauge catheter (Sherwood Medical), positioned prone and ventilated at a rate of 60 breaths per min with a tidal volume of Ϸ2.0 ml. During 129 Xe imaging, breathing gas was switched from air to a mixture of 75% HP xenon mixed with 25% O 2 to achieve a tidal volume of 2 ml. A breath consisted of 300-ms inhalation, 200-ms breath-hold, and 500 ms for passive exhalation. The ventilator triggered the MRI scanner at the beginning of the breath hold for high-resolution airspace imaging during the breath-hold. Airway pressure and ECG were monitored continuously, and body temperature was controlled by warm air circulating through the bore of the magnet using feedback from a rectal temperature probe.
Airspace 129 Xe Imaging Procedure. Airspace 129 Xe images were acquired by using a radial encoding sequence previously described (30) . Details of the imaging hardware can be found in Supporting Text. Images were acquired without slice selection, 4-cm field of view, 8-kHz bandwidth, and reconstructed on a 128 ϫ 128 matrix with a Nyquist resolution limit of 0.31 ϫ 0.31 mm 2 in plane. K space was filled by using 400 radial projections, 10 views per breath, and TR ϭ 20 ms, thus requiring 40 breaths to complete the image. For each view n in a breath, a variable flip-angle scheme, calculated according to (1͞ ͌ 10 Ϫ n) (31) , was used to both use the available magnetization most efficiently and to generate images that distinguish the major airways from parenchyma. All imaging and spectroscopy used a truncated-sinc excitation pulse with one central lobe and single side lobes. To avoid contaminating the airspace image with 129 Xe signal from the barrier and RBC compartments, we used a total pulse length of 1.2 ms with frequency centered on gas-phase 129 Xe (0 ppm). , the maximum number of spectra was acquired during the 200-ms breath-hold, averaged over five breaths. The first spectrum of each breath-hold period was discarded, because it resulted from 800 ms of replenishment rather than the specified TR period. The raw data for each spectrum were line-broadened (25 Hz), baseline-corrected, Fourier-transformed, and fit by using routines written in the MAT-LAB environment (MathWorks, Natick, MA). Curve fitting of the real and imaginary spectra before phase correction enabled us to extract the amplitudes, frequencies, line-widths, and phases of each resonance. This information was used to set the receiver frequency and phase to ensure that in subsequent barrier͞RBC imaging, the imaginary channel contained the 129 Xe-barrier image, and the real channel contained the 129 Xe-RBC image. The dynamic replenishment of the dissolved signals vs. TR was fit using the equations described in Supporting Text to extract the saturation amplitudes of the barrier and RBC resonances.
Barrier͞RBC 129 Xe Replenishment Imaging Procedure. Nonsliceselective 129 Xe images of the barrier and RBC compartments were acquired by using 2D radial projection encoding with a TR of 50 ms, a 90°flip angle, a field of view of 8 cm, and a grid of 64 ϫ 64 for a Nyquist resolution limit of 1.25 ϫ 1.25 mm 2 . The combination of a 90°flip angle and a TR of 50 ms made the images sensitive to tissue barrier thickening of Ϸ5 m. A 1.2-ms sinc pulse centered on the 211-ppm RBC resonance was used to excite only the 197-and 211-ppm resonances and not the airspace 129 Xe. This minimum pulse duration yielding no detectable 0-ppm signal was determined by using phantoms containing only gas-phase HP 129 Xe. An imaging bandwidth of 15 kHz ensured that radial encoding lasted 2 ms, similar to T* 2 decay. K space was overfilled by using 2,400 frames acquired throughout the ventilation cycle to maximize signal averaging from the barrier͞RBC compartments. Thus, the dissolved phase image required 120 breaths (2 min) to acquire. To discriminate the 197-and 211-ppm resonance, the echo time was calculated according to TE 90 ϭ 1͞4⌬f. At 2 T, we calculate TE 90 ϭ 755 s for the 211-ppm RBC and 197-ppm barrier resonances. Empirically, however, we determined TE 90 by using whole-lung spectroscopy and found that the optimal value was closer to 860-940 s, varying slightly in each animal. The slight discrepancy between calculated and empirical echo times is not fully understood but might be due to the long duration of the rf pulse, compartmental exchange of 129 Xe during the rf pulse, or field inhomogeneity over the entire lung.
Histology. After imaging, rats were killed with a lethal dose of pentobarbital (Nembutal, Abbott Labs). Lungs were instilled in situ with 10% formalin at 25-cm H 2 O for 30 min, extracted, and then immersed in 10% formalin. The lungs were processed for conventional histology and stained with H&E and Masson's Trichrome for collagen. Slides were evaluated for signs of fibrosis (thickened alveolar septa and deposition of collagen). We also qualitatively compared the locations and extent of the injury on MR images with corresponding areas on the histology slides to confirm the presence of injured and normal lung. A semiquantitative measure of the fraction of each lung lobe exhibiting bleomycin was determined by visual inspection.
Image Analysis. Images of 129 Xe in the airspace, barrier, and RBCs were analyzed by using an automated MATLAB routine to quantify the number of image pixels containing signal. Pixels were considered ''on'' if they exceeded twice the mean of the background noise. Signal to noise for each image was calculated by dividing the mean value of all of the pixels above threshold with the mean background signal. The unilaterally induced injury made it fruitful to analyze the left and right lungs separately by manually drawing a border between the two lungs of the ventilation image. Because images were 2D, the portion of the right accessory lobe overlapping the left lung was unavoidably counted in the left lung. In each lung, the ratio of signal-containing pixels in RBC and barrier images (RBC͞ barrier ratio) was taken as the primary measure of gas-transfer efficiency.
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